This paper deals with the construction and control of a turtle-like underwater robot with four mechanical flippers. Each flipper consists of two joints generating a rowing motion by a combination of lead-lag and feathering motions. With cooperative movements of four flippers, the robot can propel and maneuver in any direction without rotation of its main body and execute complicated three-dimensional movements, including ascending, submerging, rolling and hovering. The control architecture is constructed based on a central pattern generator (CPG). A model for a system of coupled nonlinear oscillators is established to construct a CPG and has been successfully applied to the eight-joint turtle-like robot. The CPGs are modeled as nonlinear oscillators for joints and inter-joint coordination is achieved by altering the connection weights between joints. Rowing action can be produced by modulating the control parameters in the CPG model. The CPG-based method performs elegant and smooth transitions between swimming gaits, and enhanced adaptation to the transient perturbations due to nonlinear characteristics. The effectiveness of the proposed method is confirmed via simulations and experimental results.
Introduction
Robotics research has shown much progress with the development of robotic technologies to complex and dynamic environments, especially those inaccessible to humans like outer space and the deep oceans. In the fields of ocean development and ocean investigation, various autonomous underwater vehicles (AUVs) have been developed to survey the complex and dynamic undersea environments. However, the state of the art in AUV technology can hardly meet the mission requirements of high propulsive efficiency, excellent maneuverability and low noise. Swimming animals have been evolving their aquatic locomotion abilities for thousands of millions of years, achieving superb swimming performances and surpassing man-made underwater vehicles in many respects such as propulsive efficiency, maneuverability and acceleration. Based on recent progress in mechanics, materials, computing, electronics and bionics, many biologically inspired underwater vehicles that employ biomimetic swimming mechanisms have been created to bridge the gap between the mission requirements and available technologies.
In the area of biorobotic AUVs, the fish-like robot is the early focus and fish-like swimming has become one of the interesting research topics. Significant work in robotic fish was initiated in the 1990s by Triantafyllou et al. [1, 2] . An eight-link, foilflapping robotic mechanism, i.e., RoboTuna, was developed and its drag-reduction mechanism was experimentally investigated. The authors have also undertaken biomimetic robotics research with special efforts focused on the mechatronic design and motion control of biomimetic robotic fish [3, 4] . The robotic fish called BlackBass developed by Kato used the rowing mode of oscillatory pectoral fin propulsion and demonstrated high maneuverability [5] . With further research on underwater biorobotics, other animals with rowing or flapping appendages such as turtles and penguins are receiving more and more attention. Their paired appendages are used for propulsion and maneuvering without deformation of the body. Since biological observations have shown that pectoral fins or flippers undergoing a combination of lead-lag, feathering and flapping motions can produce large lift, side force and thrust, biorobotic AUVs with a rigid body can also use their flipper apparatus as the sole source of propulsion and maneuvering forces. Several underwater robots of this kind have been developed to investigate the swimming performance, including efficiency, maneuvering, etc. Based on sea turtles, Konno et al. developed a turtle-like submergence vehicle, whose fore fins flap for propulsion and maneuvering by a combination of flapping and feathering motions [6] . In 2004 at MIT, Licht et al. developed a biomimetic flapping foil AUV that propels with four oscillating foils and analyzed the generation of thrust [7] . Dudek et al. designed a visually guided amphibious robot named AQUA at McGill University, which uses six paddles to achieve movements with 6 d.o.f. [8] . In 2006, Long et al. constructed an aquatic robot named Madeleine in Vassar College, which was propelled by four flippers with 1 d.o.f. oscillating only in pitch [9] .
In this paper, a novel turtle-like underwater robot equipped with four mechanical flippers is constructed and controlled based on a central pattern generator (CPG) . The robot has a number of biologically inspired features and the contributions of this paper lie in the following. (i) A four-symmetrical-flippered, top-shell-covered, turtle-like architecture is constructed. (ii) The 2-d.o.f. mechanical flippers, that consist of two joints generating a rowing motion, share the locomotion mechanism with the rowing forelimbs of softshell turtles. (iii) The configuration of the robot is for high maneuverability; as a result, it can propel and maneuver in any direction without rotation of its main body, and execute complicated three-dimensional (3-D) movements, including ascending, submerging, rolling and hovering, by cooperative movements of four flippers. (iv) Based on CPGs, multiple swimming patterns are designed and implemented on the robot. (v) The advantages of bio-gaits generated by the CPG model are investigated and the influence of model parameter setting on the swimming gaits is studied. This robot shows great promise of utility in practical applications such as seabed exploration, oil-pipe leakage detection, oceanic supervision, aquatic life-form observation, military detection, etc.
The rest of the paper is organized as follows. Section 2 provides the biological basis of turtle swimming. In Section 3, an overall description of the turtle-like underwater robot's configuration is given in detail. In Section 4, we describe the CPG model and its application to the robot, presenting the advantages of the CPG-based method and the influence of parameter setting on the swimming gaits via simulations. The experimental results are shown in Section 5. Finally, Section 6 concludes the paper and summarizes the future work.
Review of Turtle Swimming
The locomotor system of turtles is uncommon among vertebrates in respect that its body axis is largely inflexible. In most turtle species, their dorsal vertebrae are fused to the carapace and are immobile, additionally the tail is highly reduced, so that they depend exclusively on limb movements for propulsion and maneuvering.
Sea turtles and freshwater turtles exhibit a number of specific differences in swimming mode. The flippers of sea turtles are elongated from hypertrophied forelimbs to produce lift-based thrust during flapping strokes in open-ocean swimming [10] [11] [12] [13] . In contrast, for freshwater turtles, the hindlimb has previously been regarded as the dominant propulsive part during aquatic locomotion because the hindfoot can form a broad paddle to generate drag-based thrust during rowing strokes [10, 14] . However, as a typical kind of freshwater turtle, softshell turtles (e.g., Apalone spinifera shown in Fig. 1 ) take the forelimb as an effective thrust generator during aquatic locomotion, and their forelimb has two joints similar to the elbow and wrist [15] . Extensive investigations have revealed the contrast between the flapping forelimb strokes used by swimming sea turtles and the rowing forelimb strokes used by most swimming freshwater turtles [11] [12] [13] [16] [17] [18] . As mentioned before, in flapping strokes, dorsoventral forelimb movements are involved predominantly, while anteroposterior forelimb movements combined with rotation of the foot are involved predominantly in rowing strokes. Although the flapping motion mechanism is widely used by vertebrates in aquatic environments for generating thrust, the persistence of rowing motion among aquatic species has been attributed to diverse factors [18, 19] . Despite the lower velocity in rowing, drag-based propulsion is frequently used by aquatic species with high maneuverability, and by species that have the ability to travel both on land and in water [18, 19] .
Construction of a Turtle-Like Underwater Robot

General Structure of a Turtle-Like Robot Prototype
Inspired by softshell turtles, a turtle-like underwater robot equipped with four mechanical flippers is being developed in our laboratory. The robot assumes a modular structure including a cylindrical main body, four identical flipper actuator modules and their attached wing-shaped foils. Figure 2a Fig. 2b . Each flipper can perform lead-lag and feathering motions, which can be controlled independently and combined to form a rowing action. The lead-lag motion actuated by the servomotor inside the main body through a gear set is characterized by posterior and anterior motions in the horizontal plane, while the feathering motion actuated by the servomotor inside the flipper actuator module denotes the rotation motion of the foil. Figure 3 illustrates the 2-d.o.f. movements of the foil.
The basic technical parameters of this prototype are described in Table 1 .
Structure of the Main Body
The main body can be regarded as a sealed hard body with several connected parts. As shown in Fig. 2b , the sealing-connected parts in top-bottom order include a spherical cap-shaped top shell, an aluminum circle, an aluminum top circular cover, a cylindrical body cover and an aluminum bottom cover. The top shell and body cover made of polymethyl methacrylate are transparent for leakage detection. The aluminum circle is glued to the shell. Both the top circular cover and bottom cover are glued to the body cover. The aluminum circle and the top circular cover are screwed together with O-rings between them. Four semicirques are stretched out around the top circular cover and bottom cover. At the end of each semicirque is a hole for bearing installation. The main body accommodates the power and electronics of the robot, and also provides four inside joints for the lead-lag motion of the flippers. As shown in Fig. 4 , the elements inside the main body include an AT91SAM7A3-centered printed circuit board, a duplex wireless communication module (GW100B) with its antenna, four servomotors (Futaba S9451), and two battery groups supplying the control unit and motors, respectively. The antenna is stretched out of the center of the top shell for remote control. The waterproofed power switch and the recharge plug are fixed on the backside of the bottom cover.
Each of the four servomotors sealed inside the main body actuates its neighboring flipper module's lead-lag movement, respectively. A rotating shaft connected to the axis of each servomotor sticks out through the dynamic sealing structure to actuate its neighboring flipper module through a gear set fixed under the bottom cover.
Structure of the Flipper Actuator Module
Each flipper actuator module is waterproofed separately. The attached four foils are made of polyvinyl chloride, a material with a density a little greater than that of water. The material is rigid enough to generate high thrust in water. Figure 5a shows a photograph of one flipper actuator module. The cylinder-shaped module splits into two semicylindrical pieces, which are screwed together with O-rings between them. A cutaway view of the module is shown in Fig. 5b . A high torque servomotor (Hitec HSR-5995TG) sits in the interior cavity of the semicylindrical part to actuate the foil's feathering movement. A big gear connected to the axis of 
Electronics and Sensors
An embedded AT91SAM7A3-centered controller is used for generating real-time gaits, communicating with a personal computer and collecting the sensor data for analysis. A two-axis accelerometer (ADXL202) is used to measure the accelerations on the pitch and roll axes. Figure 6 presents the hardware architecture of the control system for the turtle-like robot.
The motion of the turtle-like robot is controlled by the microcontroller AT91SAM7A3 that incorporates a high-performance 32-bit RISC, ARM7TDMI processor and a wide range of peripherals from Atmel Corporation. The controller connects the wireless communication module through a UART port and measures the duty cycle of the pulse width modulation (PWM) signal generated by the accelerometer for calculating acceleration. The servomotor has internal position feedback and the degree of turn of the axis depends upon the input PWM signal from the microcontroller. The microcontroller generates eight PWM signals to adjust the movements of a total of eight joints. Other interfaces like a USB port, CAN bus, IIC bus and analog-to-digital converter have been designed for future applications. 
CPG-Based Control
CPG Model
Neurobiology studies have shown that the locomotion of animals is controlled hierarchically by the central nervous system, from the cerebral cortex level, the brainstem level to the spinal cord level. Fundamental rhythmic movements in locomotion, such as walking, running, swimming and flying, are generated by CPGs at the spinal cord level. A CPG is a neuronal circuit capable of producing rhythmic patterns of neural activity automatically and unconsciously. The rhythmic pattern activates motor neurons that control the muscles generating the rhythmic movements. CPGs are networks of neurons that can produce coordinated oscillatory signals without oscillatory inputs. The sensory input or descending input from higher elements can regulate the frequency and phase of the rhythmic patterns by altering the intrinsic properties of the neurons, and the synaptic strengths and connectivity among them [20] .
A typical example of a CPG is found in the lamprey and has been studied extensively [21, 22] . It is known that the lamprey is one of the earliest and simplest vertebrates, and swims by propagating a traveling wave along its body from head to tail. Thus, the CPG has been an interesting source of inspiration for motion control of robots.
Mathematical Model for a Singular Joint
In the earliest research, the most fundamental CPG model using the neural oscillator was proposed by Brown [23] . It consists of two neurons and has interactions between neurons by reciprocal inhibition. Gradually, a number of artificial neural networks have been proposed as the CPG model [23] [24] [25] . As a biologically in-spired approach, the CPG-based method has been applied to locomotion of robots successfully [26] [27] [28] [29] [30] .
For our robot, each bionic flipper adopts two servomotors to drive two joints. We can design one CPG to control the corresponding joint. In this paper, the CPG model to produce rhythmic control signals consists of an excitatory neuron and an inhibitory neuron with excitatory-inhibitory connections. The original sine-cosine oscillator model is described by:
where υ is the activity of excitatory neuron, θ denotes the activity of inhibitory neuron and ω is the synaptic strength between them. The main problem with this simple oscillator (1) is that the oscillatory amplitude will be absolutely determined by the initial conditions (θ 0 , υ 0 ). Hence, we have no control over the amplitude of the signal. Furthermore, the signal's amplitude will also change when the system is perturbed by an external input. As a result, the original system has no ability to form steady oscillation and cannot cope with the external perturbations. To improve that and to make the oscillatory status controllable, a new term has been added to (1) as follows:
If the function f is a linear function, the oscillator becomes a typical 2-D linear system which cannot produce steady oscillation. We choose the nonlinear function f (x, y) added to fix the energy of the oscillator, described as:
The complete dynamic model of the nonlinear oscillator is presented as follows:
Without loss of generality, the dynamics of the model (4) is expressed by the following equations:
Equation (5) has two particular solutions: one is the origin (0, 0), which is an unstable fixed point, and the other is a stable limit cycle, which is a sinusoidal signal with amplitude √ Aω and period 2π/ω. θ will indeed converge to the particular solutionθ(t) = √ Aω sin(ωt + φ) from any initial conditions (θ 0 , υ 0 ) (except the origin (0, 0) in the phase plane), where φ is determined by the initial conditions.
In (5), Aω represents the desired energy and θ 2 + υ 2 represents the actual energy of the oscillator. Rather than explicitly prescribing an oscillatory signal for the joint angles, in which time-varying amplitudes and frequencies must be dictated in order to prevent discontinuous joint angle signals, motivated by studies of CPG signals in neurobiology, the nonlinear two-state model (5) is adopted and in this model the output θ from the inhibitory neuron will be used to prescribe joint angle motion. The positive parameter ω determines the oscillatory frequency of the joint angle. Thus, the bigger ω is, the faster the oscillator will reach its limit cycle. The joint angle θ oscillates around θ = 0 in the above nonlinear oscillator. Since the turtle-like robot can propel and maneuver in any direction by modulating the oscillatory angle's offset for each joint of mechanical flippers, we expect that the oscillator of each joint can oscillate around an arbitrary offsetθ to implement flexible motion control in 3-D space. An offset valueθ is introduced and then (5) changes to (6) as:
The solution will converge toθ(t) =θ + √ Aω sin(ωt + φ) in (6). The solution and its limit cycle are shown in Fig. 7 as an example.
Coupling Joints Together
The above nonlinear oscillator illustrates a singular joint's behavior property. The gait pattern can be generated by coupling joints together, so a coupling term should be added to (6) in the following way:
where θ i denotes the desired angle of the ith joint of the robot,θ i indicates the angular offset added to the ith joint, and a ij and b ij are the connection weights to define the coupling between the ith and the j th joints (i.e., the influence that the j th joint has on the ith one). Cooperative movements can be obtained by modulating the phase-lag or phase-lead relationship between coupled joins, which is determined by the coupling coefficients a ij and b ij . In mathematics and computational science, the Euler method, named after Leonhard Euler, is a numerical procedure for solving ordinary differential equations. In the Euler method, [υ(k + 1) − υ(k)]/T is used instead ofυ, so the differential equations are transformed into difference equations. As a result, the differential equations in (7) are then changed to difference equations using the Euler method in the following way:
where θ i (k) represents the ith joint's angle at the kth time, T denotes the step size of time, and the initial conditions can be set as θ i (0) = 0, υ i (0) = 0. Through recursive algorithms, θ i (k) can be calculated from (8) in real-time.
CPG-Based Method
The control for the turtle-like robot is based on the above CPG model that generates the rhythmic movements for real-time gait generation. Since the robot is composed of four mechanical flippers with two joints each, the CPG model of (8) can be applied to an eight-joint system established for the turtle-like robot, as illustrated in Fig. 8 . By connecting the CPG of each joint, CPGs are mutually entrained, and oscillate at the same frequency and with a fixed phase difference. This mutual entrainment between the CPGs of the flippers results in a swimming gait. As observed from (8), a parametric vector E = {A 1 -A 8 , ω,θ 1 -θ 8 , a ij , b ij } regulating the swimming gaits of the turtle-like robot can be summarized. The setting of these parameters is to generate a proper swimming pattern according to turtles swimming character. In the CPG model,θ 1 -θ 8 determine the propulsive orientation of the robot, the connection weights a ij , b ij determine the phase difference ij between connected joins, A 1 -A 8 determine small or large amplitude swimming modes, and ω determines the oscillatory frequency. Based on the proposed CPG model, several swimming patterns and actions will be described next, and the advantages of bio-gaits and the influence of parameter setting on the swimming gaits will be given in detail in the simulations. 
Typical Swimming Patterns
Considering parameter setting in swimming pattern design, the following points are proposed beforehand:
• The angular offsetθ i added to feathering joints (i = 5-8) can range from −π to π rad, as illustrated in Fig. 9 .
• In the case of A i = 0, whatever value ω, a ij and b ij are set to, the solution will converge toθ i (t) =θ i in (8).
• In the case of A i = 0, the oscillatory amplitude for joint i is approximately √ A i ω.
Based upon the joints used, the swimming can be classified into two basic modes: FJ (feathering joints) mode and LFJ (combination of lead-lag and feathering joints) mode. By modulating the oscillatory angle's offset for each foil, the turtle-like robot can accomplish complex movements in 3-D space. By cooperative movements of four symmetrical flippers combining lead-lag motion and feathering motion, the turtle-like robot can propel and maneuver in any direction without any rotation of its main body. The following typical swimming patterns with two modes have been designed and implemented on the robot by adopting different CPG model parameters.
FJ forward swimming (Fig. 10a) . The robot swims forward in a straight line by the synchronized oscillations of all foils around the horizontal plane, with fixed positions of lead-lag joints, in which case the CPG model parameters are set as (Fig. 10b) . The robot swims backwards by the synchronized oscillations of all foils around the horizontal plane in the contrary direction to forward swimming, with fixed positions of lead-lag joints, in which case the CPG model parameters are set as
FJ backward swimming
, θ 5 =θ 6 =θ 7 =θ 8 = π, all connection weights a ij and b ij to be near-zero values.
FJ turning (Fig. 10c) . The differentiation of hydrodynamic forces in the horizontal plane between the pair of foils on the left side and the right side will cause a yawing moment that is necessary to execute turning maneuvers on the robot. An effective method to produce the yawing moment is to produce anteriorly directed force on one side and posteriorly directed force on the other side, one case of which is 6, 7, 8) ,θ 5 =θ 6 = π, θ 7 =θ 8 = 0, all connection weights a ij and b ij to be near-zero values.
FJ ascending (Fig. 10e) . The robot swims upwards with all foils oscillating synchronously around the vertical plane functioning to generate lift forces, in which case the CPG model parameters are set as 6, 7, 8) ,θ 5 =θ 6 =θ 7 =θ 8 = −π/2, all connection weights a ij and b ij to be near-zero values.
FJ submerging (Fig. 10f) . The robot swims downwards with all foils oscillating synchronously around the vertical plane in contrary direction to ascending, in which case the CPG model parameters are set as 5, 6, 7, 8) ,θ 5 =θ 6 =θ 7 =θ 8 = π/2, all connection weights a ij and b ij to be nearzero values.
FJ rolling (Fig. 10d) . The differentiation of hydrodynamic forces in the vertical plane between the pair of foils on the left side and the right side will cause a rolling moment on the robot, in which case the CPG model parameters are set as
, all connection weights a ij and b ij to be near-zero values.
LFJ leftward swimming (Fig. 10g) . With each lead-lag joint turning to the position perpendicular to that in FJ forward swimming, respectively, the robot swims leftwards without any rotation of its main body by the synchronized oscillations of all foils around the horizontal plane to generate leftward thrust, in which case the CPG model parameters are set as 6, 7, 8) , θ 5 =θ 7 = π,θ 6 =θ 8 = 0, all connection weights a ij and b ij to be near-zero values.
LFJ rightward swimming (Fig. 10h) . With each lead-lag joint turning to the position perpendicular to that in FJ forward swimming, respectively, the robot swims rightwards without any rotation of its main body by the synchronized oscillations of all foils around the horizontal plane in contrary direction to leftward swimming, in which case the CPG model parameters are set as 6, 7, 8 ),θ 5 =θ 7 = 0,θ 6 =θ 8 = π, all connection weights a ij and b ij to be near-zero values.
Rowing Action
Rowing action, by coupling lead-lag motion and feathering motion together, can also perform forward swimming, backward swimming and turning in the horizontal plane. In rowing action, the foils of our robot are brought 'forward almost edgewise and back broadside' [31] . A sequence of the rowing action is illustrated in Fig. 11 . Rowing involves anteroposterior movements and rotations of the foils. The oscillations of the lead-lag joint and feathering joint of one flipper are of the same frequency. The setting of CPG model parameters in the rowing action will be studied via simulations.
Simulations
Study of the Characteristics of CPG-Based Bio-gait Generation
We conducted a series of simulation experiments to demonstrate the coordination, swiftness, adaptation and diversity of the proposed CPG-based method. First, taking rolling, for example, the ability of the CPG-based method was tested to show elegant and smooth transitions between swimming gaits and enhanced ability to cope with transient perturbations due to nonlinear characteristic.
An example of such solutions that generate rolling movement is given in Fig. 12 , where θ 5 (t)-θ 8 (t) represent oscillatory angles of all four foils of the robot and the CPG model parameters are set as 6, 7, 8) ,θ 5 =θ 6 = −π/2,θ 7 =θ 8 = π/2, a ij = b ij = 0.03; t = 0-2.5 s. In particular, the frequency and amplitude of all foils are modulated by changing the parameters ω → 8π, A i → 36 (i = 5, 6, 7, 8) at time t = 1.5 s. As a consequence, the oscillatory frequency (almost ω/2π) rises approximately from 2 to 4 Hz and the oscillatory amplitude Fig. 12 , the oscillation of each foil can smoothly and easily adapt to the abrupt change of oscillatory frequency and oscillatory amplitude determined by CPG model parameters. As a result, the adjustment of the speed of the robot can be smooth and easy.
Furthermore, nonlinear oscillators of the CPG model have an enhanced ability to cope with transient perturbations due to nonlinear characteristics. When correctly coupled, the oscillators in a circle will produce stable limit cycle behaviors after any type of transient perturbation. Figure 13 illustrates this property. At a given time, random perturbations are applied to all oscillatory angles of the foils θ 5 -θ 8 . After a short transitory period, the system quickly and smoothly returns to the original swimming gait.
In conclusion, the CPG-based method possesses a range of advantages over previous gait generation algorithms: (i) the oscillatory angle of each joint can be calculated from the nonlinear difference equations utilizing recursive algorithms in real-time, without large numbers of calculative operations (see (8) ), (ii) the oscilla-tion of each joint can smoothly and easily adapt to the abrupt change of oscillatory frequency and oscillatory amplitude determined by CPG model parameters (see Fig. 12 ), and (iii) enhanced ability to cope with transient perturbations due to nonlinear characteristic (see Fig. 13 ). As a result, this CPG-based method provides good adaptation to both modifications of the control parameter and random perturbations in the environment.
Study of a Flipper System With Two Coupled Nonlinear Oscillators in Rowing Action
Since the behaviors of the four mechanical flippers in rowing action are almost the same, a system is investigated to get an idea of how interconnected oscillators in the same flipper behave, especially how the phase relation between them is determined by the connection weights. Figure 14 shows the quarter-CPG we are going to study. In this system, the CPG model parameters include
In rowing action, the phase difference φ i,i+4 between lead-lag joint i (i = 1, 2, 3, 4) and feathering joint i + 4 will determine different types of rowing strokes. To perform 'forward almost edgewise and back broadside', the rule of setting these model parameters to produce a rowing stroke is given by:
As mentioned before, the amplitude and the frequency of each oscillator can be easily controlled through A i and ω. In addition, in the CPG network, it is also crucial to control the phase relation between coupled oscillators, which will be carried out by the connections between the oscillators. After the system starts the phase of each oscillator is first defined by its initial conditions θ 0 and υ 0 , and the connections will quickly force a particular phase relation. Through simulations on the CPG model (8) , the influence of the connection weights on the oscillations of coupled joints has been investigated. On the other hand, based on the simulation results that give the dependence of phase difference on connection weights, the CPG model parameters can be chosen obeying the rule in (9) .
The following example will illustrate how the phase difference φ between the two coupled joints is determined by the connection weights a and b by some simulation results. For simplicity, we supposed that only the feathering joint can receive a signal from its lead-lag one, i.e., a i,i+4 and b i,i+4 were set to 0. All of the parame- ters were set as follows:
= 0, only a i+4,i and b i+4,i were free variables. In the case of a i+4,i = 0 and b i+4,i = 0, there is no coupling term and the two joints of a same flipper both run freely with phase differences i,i+4 = 0, which exactly fits the condition in rule (9) . As a result, the values of a i+4,i and b i+4,i could be set around 0 for simulating. In this example, the values of a i+4,i and b i+4,i were iteratively changed between −3 and 3. The simulation results in this case are given in Fig. 15 , stating how the phase difference i,i+4 changes with the modification of a i+4,i and b i+4,i . It can be concluded that the phase difference i,i+4 depends on the quadrant in which the point (a i+4,i , b i+4,i ) locates regularly. The plane is approximately split into two symmetric areas by the line a i+4,i = 0. In the area where a i+4,i > 0, the oscillation of the lead-lag joint lags that of the corresponding feathering joint in phase, while the phase-lead relation happens in the area of a i+4,i < 0. As observed from Considering the rule and the simulation results, a set of solutions that generate rowing action have been obtained in our simulation and experiments. An example of such solutions θ i (t) and θ i+4 (t) that, respectively, represent oscillatory angles of the lead-lag joint and feathering joint of the same flipper is illustrated in Fig. 16 , where 
Experiments and Results
Evaluation of Swimming Speed
The swimming performance of the turtle-like underwater robot was tested in a static swimming tank with a size of 2250 mm × 1250 mm and with still water of 400 mm in depth. The robot was marked with specified colors and the information within the swimming tank was captured by an overhead CCD camera (see Fig. 17 ). The image was transmitted to a personal computer and processed with a visual tracking software platform developed to obtain the position and orientation of the robot in real-time. In this way, the speed and orientation of the turtle-like robot could be measured in the platform to test its swimming performance.
For the FJ forward swimming pattern, the average linear speed was tested by varying the frequency and amplitude of foil oscillations. Steady-state speed was measured at different levels of frequencies and amplitudes of all foils. Three groups of foil oscillatory amplitudes were employed while the frequency was varied in each case. As illustrated in Fig. 18 , the swimming speed increased with the oscillatory amplitude until the peak value on amplitude of 30 • and almost linearly with the oscillatory frequency. The swimming speed decreased with the enhancement of the amplitude after reaching its peak value because the oscillations became so large as to generate braking waves. Overall, the robot could swim up to the speed of 19.8 cm/s at a frequency of 4 Hz and amplitude of 30 • .
Testing of Swimming Patterns Sequentially
The ability of the CPG-based method was tested to produce different types of swimming patterns presented above. The turtle-like robot can change its posture from one pattern to another smoothly. Figure 19 presents the variations of oscillatory angles of eight joints when executing a sequence of typical swimming patterns. The sequentially executed swimming patterns include FJ forward swimming (t 5 s), FJ backward swimming (5 < t 10 s), FJ turning (10 < t 15 s), Figure 20 shows an image sequence of the transition from FJ forward swimming to LFJ rightward swimming and the corresponding moving trajectory of the robot is illustrated in Fig. 21 .
Conclusions and Future Work
In this paper, a flipper-propelled turtle-like underwater robot was constructed and controlled based on a CPG. Each of the four flippers can perform lead-lag and feathering motions, which can be controlled independently and combined to form a rowing action. The cooperative movements of four symmetrical flippers can gen- erate propulsion and maneuvering in any direction without any rotation of the main body. A CPG model of a nonlinear oscillator was introduced and the CPG-based method was applied to the robot. Several typical swimming patterns, including turning, up-and-down motion and rolling, were designed and implemented on the robot. The advantages of CPG-based gait generation were proposed and demonstrated via simulations. The experimental results demonstrated high maneuverability of the robot and presented its speed evaluation, and showed that the control method was effective to produce different types of swimming patterns sequentially. Further research will focus on developing more effective swimming patterns based on the optimization of control parameters. Sensors like infrared detectors, ultrasonics and cameras will be incorporated for perception of the environments. Finally, a turtle-like underwater robot with various swimming skills and capable of autonomous operation will be constructed. 
